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Description 

[METHOD AND STRUCTURE TO SUPPRESS 

EXTERNAL LATCH-UP] 

Background of Invention 

[0001] FIELD OF THE INVENTION 

[0002] The present invention relates generally to latch-up pro- 
tection for integrated circuits, and more particularly to the 
Strategic placement of n-well, p-well or substrate con- 
tacts for external latch-up robustness. 

[0003] BACKGROUND OF THE INVENTION 

[0004] Advances in modern integrated circuit (IC) technology 
have enabled MOS devices to be made with ever thinner 
gate oxides using submicron complementary metal oxide 
semiconductor (CMOS) technology. Use of thinner gate 
oxides, however, results in devices that are increasingly 
susceptible to failure arising from electrical over- 
stress/electrostatic discharge (EOS/ESD) events. Such fail- 
ures can result in the immediate failure of the device, cir- 



cuit or system. 

[0005] Jo reduce the destructiveness of an ESD event, IC design- 
ers incorporate protective circuits within their IC layouts 
to dissipate the energy of a discharge. Such ESD protec- 
tion circuitry is typically located at or near the input/ 
output (I/O) pad of the IC and must withstand industry 
standard testing for an IC device to be qualified for com- 
mercial applications. Several models exist to simulate ESD 
events in order to test the effectiveness of protection cir- 
cuitry. The models are generally classified into one of 
three forms: the human body model (HBM), the machine 
model (MM), and the charged device model (CDM). The 
HBM simulates the action of a human body discharging 
accumulated static charge through a device to ground. 
The model employs a series RC network consisting of a 
100-pF capacitor and a 1500-Ohm resistor. The MM sim- 
ulates a machine discharging accumulated charge through 
a device to ground. The model utilizes a series RC net- 
work of a 200-pF capacitor and nominal series resistance 
of less than one ohm. The CDM simulates the charging/ 
discharging that is found to occur in production equip- 
ment and processes. CDM ESD events occur as a result of 
metal-to-metal contact that can arise during manufactur- 



ing, such as a device sliding down a tube and hitting a 
metal surface. CDM testing consists of charging a package 
to a specified voltage, then discharging this voltage 
through relevant package leads. 

[0006] Another destructive phenomenon that can cause prema- 
ture failure of IC devices is Cable Discharge Event (CDE). 
CDE can occur when a charged cable connects to a port or 
device of lower electrical potential. When a charged cable 
contacts the port or device of lower potential, a transfer of 
energy occurs through discharge of the cable that can de- 
stroy the port connector and circuitry of the device. 

[0007] Cables can accumulate charge through triboelectric ef- 
fects, as when a cable is dragged across carpet or pulled 
through conduit. Such frictionally induced charge typically 
occurs in new installations when unterminated cables are 
handled. Cables can also accumulate charge through in- 
duction effects, such as when a cable is exposed to elec- 
tromagnetic fields, as can occur when cables are brought 
in proximity to electromagnetic devices such as trans- 
formers and light ballasts. And because modern cables 
feature very low leakage, the charge accumulated by the 
cable can remain stored for a long period of time. The 
charged cable is in essence a charged capacitor poised for 



discharge with the cable"s conductor(s) serving as one 
plate of the capacitor, earth ground as the other plate, 
and the cable"s insulation acting as the dielectric. 
[0008] On the occurrence of ESD or CDE, carriers injected into an 
IC can trigger latch-up. Latch-up is the appearance of a 
low impedance path between power supply rails that re- 
sults from the triggering of parasitic devices within the 
CMOS structure. It is an inherent byproduct of modern 
CMOS design and arises due to the close proximity of n- 
channel and p-channel devices within the CMOS wafer. 
Latch-up is a problem inherent to bulk starting -wafer 
CMOS. 

[0009] There are two main types of latch-up: internal latch-up 

and external latch-up. Internal latch-up arises when para- 
sitic devices within the CMOS structure are triggered from 
sources such as internal circuits creating supply bounce, 
transmission line reflections or on-chip generation of car- 
riers. External latch-up arises when the parasitic devices 
are triggered by off-chip signals. These off-chip signals 
can create large carrier injection to trigger latch-up in the 
I/O itself or within neighboring circuits in proximity to the 
I/O, as well as stimulate large voltage bounce, which then 
can trigger internal latch-up. 



[0010] Latch-up testing of ICs is performed in accordance with 
EIA/JEDEC Standard EIA/JESD78, which requires, in part, 
injection of current at the I/O of the Device Under Test 
(DUT) in both positive and negative modes. Because the 
ESD device is the first circuit connected to the I/O pad, it 
is the first device to turn ON and is the lowest impedance 
device connected to the I/O pad when latch-up testing is 
conducted. During testing, when positive current is in- 
jected, any p-type region connected to the pad will for- 
ward-bias. When negative current is injected, the n-type 
region will forward-bias. 

[0011] On a p- substrate, during positive mode testing, any p- 
type device connected to the I/O pad will usually inject 
holes into the substrate. These majority carriers can be 
controlled by moderating the resistance of the local sub- 
strate contacts. Thus, the positive mode injection test can 
be handled locally around the ESD device by use of sub- 
strate rings (guard rings) to control substrate resistance. 
In negative mode testing, however, minority carriers 
(electrons) are injected into the p- substrate. Many of the 
injected minority carriers are collected by n-well guard 
rings, but not all can be collected without adding excep- 
tional process complexity and costs. Thus, some electrons 



escape and the higher the doping of the p-type substrate, 
the shorter the distance the electrons will diffuse. On a p- 
substrate, however, the escaped electrons can diffuse a 
distance of up to 600 microns and therefore serve as a 
latch-up trigger in other circuitry on the substrate. 

[0012] Diffusion of electrons through a p- substrate is illustrated 
in FIG. 1. Although FIG. 1 illustrates the flow of electrons 
in a p- substrate, positive carriers may also be injected 
into the substrate, which itself may be formed of n-type 
material. Carriers enter the IC through a point of entry 
such as an I/O pad due to an injection event, such as ESD 
or CDE. Injected carriers traverse though the I/O cell 101 
and into substrate 100. Some carriers are collected by 
guard ring 102, but not all carriers are gathered and thus 
some continue to flow through the substrate. These es- 
caped carriers are available to enter other areas of the IC, 
such as well regions, and can operate to alter the local 
potential. FIG. 1 shows electrons entering n-well 103 that 
operate to lower the local n-well potential. As will be de- 
scribed below, lowering of the local n-well potential can 
trigger a condition of latch-up. 

[0013] A typical dual-well latch-up structure can be seen by re- 
ferring to FIGs. 2A and 2B. FIG. 2A shows the formation of 



a latch-up structure that comprises parasitic bipolar junc- 
tion transistors Ql and Q2 with associated horizontal and 
vertical components of well resistance; FIG. 2B shows the 
equivalent circuit of the structure. Charge carriers are in- 
troduced to the substrate by the occurrence of a carrier 
injecting event, such as ESD or CDE, thus forming current 
I . Current I flows through the IC as described above in 
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reference to FIG. 1. If a small stray current I flows 
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through an n-well, a voltage drop will form through the 
n-well by virtue of n-well resistance R . N-well resis- 
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tance R is comprised of horizontal and vertical compo- 
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nents, which are designated in FIG. 2A as R and R , 
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respectively. P-well resistance R^^ is similarly comprised 
of horizontal and vertical components, designated in FIG. 
2A as R and R , respectively. In general, the hori- 

PW-h PW-v 7 3 

zontal resistance of a doped region such as a well will de- 
pend on physical dimensions, such as length, width and 
depth, and sheet resistance, which is a process dependent 
technology parameter. The vertical resistance of the well 
is also a function of the physical dimensions of the well, 
the sheet resistance, and the size and resistance of the 
well contact. 

[0014] An inherent byproduct of diffusing one type of material 



(for example, p-type) within material of the opposite type 
(n-type) is the formation of p-n junction diodes at the in- 
terface of the materials. Thus, an n-well containing p+ 
regions will inherently contain p-n junction diodes for 
each p+ region/n-well boundary. When current flowing 
through an n-well over resistance R is of such a magni- 
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tude that the potential drop within the n-well reaches the 
turn-on voltage of the p+/n-well junction diode, the 
p+/n-well junction diode will forward-bias, thus activat- 
ing (turning ON) the parasitic pnp bipolar junction tran- 
sistor (BJT) Ql. When Ql turns ON, carriers flow into the 
p-well across the n-well/p-well junction, which is for- 
ward-biased due to the reduced n-well potential. These 
carriers form collector current I of Ql. As I flows 
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through the p-well over p-well resistance R , a rise in 
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the local potential within the p-well forms. When the po- 
tential rise within the p-well reaches the turn-on voltage 
of the p-well/n+ junction diode, the p-well/n+ junction 
will forward-bias, thus activating the parasitic npn BJT Q2. 
An active Q2, in turn, will feed Ql by drawing current 1^^^ 
from the base of Ql, which causes Ql to turn ON 
"harder,"which in turn causes Q2 to turn ON harder, and 
so on. This positive feedback condition ensures that both 



Ql and Q2 remain "latched" in the forward /active mode. 
Thus latched, the circuit is no longer dependent upon the 
triggering source for energy and a continual low 
impedance/short-circuit path exists between Vdd and 
ground/Vss. 

[0015] A typical single-well latch-up structure can be seen by re- 
ferring to FIGs. 3A and 3B. FIG. 3A shows the formation of 
a latch-up structure that comprises parasitic bipolar Junc- 
tion transistors Ql and Q2 with associated well resistance 
R and substrate resistance R ; FIG. 3B shows the equiv- 
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alent circuit of the structure. Although the single-well 
latch-up structure illustrated and described here is di- 
rected to an n-well within a p-type substrate, it should be 
understood that latch-up can also occur in a structure 
possessing a p-well within an n-type substrate with po- 
larities opposite to that described here. 
[0016] In reference to FIG. 3A, when charge carriers are injected 
into the substrate by the occurrence of a carrier injecting 
event, such as ESD or CDE, and a small stray current (1^) 
flows through the p- substrate over the substrate internal 
resistance R^, a voltage rise will form across the substrate. 
If the potential difference between the p- substrate and 
n+ region within the substrate reach the diode built-in 



voltage level, i.e. the diode"s turn-on voltage, the junction 
will forward -bias, forming thereby the emitter-base junc- 
tion of Q2, which is thus activated (turned ON). As Q2 
turns ON, current is drawn from the n-well, which in turn 
causes a voltage drop to form across n-well resistance R 
. If the potential within the n-well reaches a diode 
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built-in voltage level (below Vdd), the emitter-base junc- 
tion of Ql will forward-bias and turn Ql ON. As Ql turns 
ON, Is increases, which causes Q2 to turn ON 
"harder, "which in turn causes Ql to turn ON harder, and 
so on. This positive feedback condition ensures that both 
Ql and Q2 remain ON in the forward /active mode; and 
the current flowing through each transistor ensures that 
the other remains ON. Thus latched, the circuit is no 
longer dependent on the triggering source and a continual 
low-impedance/short-circuit path exists between Vdd 
and ground/Vss. 
[0017] As discussed previously, the semiconductor industry em- 
ploys a standard JEDEC78 latch-up test to evaluate the ro- 
bustness of a particular IC design against DC current 
pulses. Carrier injection from CDE is, however, far 
stronger; several amperes of transient current is injected 
making it more severe than that tested under aJEDEC78 



latch-up test. As of date, no such standard test is avail- 
able to certify against CDE. With CDE, however, designers 
will typically employ Transient Voltage Suppression (TVS) 
diodes to divert CDE energy away from IC circuitry. TVS 
diodes are similar to zener diodes in that they are de- 
signed for low capacitance and rapid breakdown above 
the clamping voltage. Standardized field installation pro- 
cedures can also be employed that require proper dis- 
charge of cables to ground before connection/termina- 
tion. 

[0018] Jo design ICs that are resistant to latch-up, designers can 
adjust the value of the contact periodicity to meet the 
latch-up standard. Conventional industry practice is to 
provide contacts having a fixed periodicity (L) throughout 
the chip. FIC. 4 illustrates an IC layout having contacts of 
fixed periodicity. Note that the contact periodicity LI is 
the same throughout the chip, thus the distance between 
adjacent contacts is the same. Though use of a fixed con- 
tact periodicity may be adequate to design against stan- 
dardized JEDEC78 test, the practice is costly in terms of 
process complexity and loss of chip area available to de- 
signers for circuit layout. Sacrifice of chip area to prophy- 
lactic contacts is particularly problematic for designers at- 



tempting to provide circuits tliat are resistant to CDE in- 
duced latch-up because the higher carrier injection of 
CDE necessitates use of smaller contact periodicity, which 
results in a significant loss of useful chip area. Thus, de- 
signers of CDE latch-up robust circuits are forced to sur- 
render valuable chip area to contacts, or compromise by 
using some intermediate level of protection that necessi- 
tates reliance on the discipline of field personnel to prop- 
erly discharge cables prior to installation. Civen human 
nature and the vulnerability of human processes, such re- 
liance on personnel procedural discipline is not without 
risk. 

[0019] Accordingly, what is needed are ICs that provide CDE 
latch-up robustness while at the same time minimizing 
the loss of chip area allocated to contacts, and a method 
of producing the same. What is further needed is a design 
tool to help IC designers to create such latch-up robust 
ICS. 

Summary of Invention 

[0020] Aspects of the present invention feature a method and 
structure for suppression of latch-up within integrated 
circuits (ICs). ICs designed in accordance with the present 
invention contain substrate and well contacts that vary in 



periodicity, thus distance between adjacent contacts will 
vary. This disclosure recognizes that injected current den- 
sity will be lower in areas of the IC that are remote from 
locations undergoing carrier injection, e.g., from electro- 
static discharge or cable discharge events, than in areas 
nearer to the injection location. The present invention en- 
hances the use of chip protection to reflect the variant 
spread of current density throughout the chip arising from 
an injection event. 
[0021] The propensity of a given circuit structure within a chip to 
undergo latch-up is a function of the internal resistance 
of that structure and its distance from a point of current 
injection. Circuit structures that are susceptible to latch- 
up are referred to as latch-up structures. The further a 
given latch-up structure is from the point of current in- 
jection, the fewer the carriers there will be that are avail- 
able to latch-up the structure, the higher the internal re- 
sistance of the structure may afford to be. The present in- 
vention provides for management of the internal resis- 
tance of circuit structures by utilizing the tolerance for in- 
creased resistance within a given structure vis-a-vis its 
distance from a current injection site, yet providing ade- 
quate latch-up protection. This control is effectuated 



through the strategic use of substrate and well contacts. 
The periodicity of contacts is varied such that the quantity 
of contacts within a given structure are minimized, yet the 
structure is still capable of suppressing latch-up. Since 
fewer contacts are needed for a given protection scheme, 
designers are then able to utilize the increase in available 
chip area for circuit design. Designers can provide circuits 
that are capable of withstanding severe injection of cur- 
rent, as can occur with cable discharge, yet maintain sup- 
pression of latch-up. Thus, this disclosure is suitable for 
applications involving, for example, servers and control 
stations where hot plugging of cables occurs. 

[0022] In one embodiment of the present invention, the invention 
comprises a semiconductor structure comprising: a sub- 
strate; a plurality of circuit structures formed upon the 
substrate, wherein at least one of said circuit structures 
has a susceptibility to a latch-up condition; an injection 
site associated with the semiconductor structure; and a 
plurality of contact regions inter-spaced a varying dis- 
tance between the circuit structures. 

[0023] In another embodiment of the present invention, the in- 
vention comprises a method of forming a semiconductor 
structure having improved latch-up robustness, the 



method comprising tlie steps of providing a substrate in- 
cluding an injection site and a plurality of circuit struc- 
tures, wherein at least one of the circuit structures has a 
susceptibility to a latch-up condition; and forming a plu- 
rality of contact regions inter-spaced a varying distance 
between the circuit structures. 
[0024] In another embodiment of the present invention, the in- 
vention comprises program storage device readable by a 
machine, tangibly embodying a program of instructions 
executable by a machine to perform a method of design- 
ing an integrated circuit, the method comprising the steps 
of: receiving an integrated circuit design, the design pro- 
viding for a plurality of circuit structures within a sub- 
strate; identifying at least one injection site associated 
with said integrated circuit design; identifying circuit 
structures as susceptible to a latch-up condition; deter- 
mining a plurality of contacts for the circuit structures 
susceptible to a latch-up condition, the quantity being 
that necessary to suppress a latch-up condition within the 
identified circuit structures; and determining a location 
for the contacts so that the contacts are located to have a 
distance that varies with the proximity of the contacts to 
the at least one injection site. 



[0025] In another embodiment of the present invention, the in- 
vention comprises a computer-readable medium having a 
plurality of computer executable instructions for causing a 
computer to design an integrated circuit, the computer 
executable instructions comprising the steps of: receiving 
an integrated circuit design, the design providing for a 
plurality of circuit structures within a substrate; identify- 
ing at least one injection site associated with the inte- 
grated circuit design; identifying circuit structures as sus- 
ceptible to a latch-up condition; determining a quantity of 
contacts for the circuit structures susceptible to a latch- 
up condition, the quantity being that necessary to sup- 
press a latch-up condition within the identified circuit 
structures; and determining a varying distance for the 
contacts, wherein the distance varies with the proximity of 

the contacts to the at least one injection site. 
Brief Description of Drawings 

[0026] FIG, 1 illustrates cross-section of an integrated circuit 

showing typical electron flow within a substrate following 

a current injection event. 
[0027] FIG, 2A illustrates a cross-section of a dual-well CMOS 

structure with parasitic bipolar junction transistors Ql and 

Q2. 



[0028] FIG. 2B illustrates a schematic diagram of the equivalent 

circuit formed by the parasitic bipolar junction transistors 

depicted in FIG. 3A. 
[0029] FIG. 3A illustrates a cross-section of a single-well CMOS 

structure with parasitic bipolar junction transistors Ql and 

Q2. 

[0030] FIG. 3B illustrates a schematic diagram of the equivalent 
circuit formed by the parasitic bipolar junction transistors 
depicted in FIG. 3A. 

[0031] FIG. 4 illustrates a plan view of a conventional integrated 
circuit having contacts of fixed periodicity. 

[0032] FIG. 5 illustrates a flow diagram presenting the steps per- 
formed in an embodiment to arrive at an IC having con- 
tacts of varying periodicity. 

[0033] FIG. 6A illustrates a plan view of a portion of an integrated 
circuit having contacts of varying periodicity in accordance 
with an embodiment of the present invention. 

[0034] FIG. 6B illustrates a cross-section of a portion of an inte- 
grated circuit having contacts of varying periodicity in ac- 
cordance with an embodiment of the present invention. 

[0035] FIG. 7A illustrates a plan view of a portion of an integrated 
circuit having contacts of varying periodicity in accordance 
with an embodiment of the present invention. 



[0036] FIG. 7B illustrates a plan view of a portion of an integrated 

circuit having contacts of varying periodicity in accordance 

with an embodiment of the present invention. 
Detailed Description 

[0037] The present invention relates to a method and structure 
for suppression of latch-up within integrated circuits. In- 
jection of carriers into an IC can arise at any point of con- 
duction on the IC and can originate from a variety of 
sources. Regardless of injection source and location, the 
density of injected carriers will be greatest within the re- 
gion of the IC near the location of injection, i.e. the injec- 
tion site. It is in the region near the injection site where 
protection against latch-up should be the most robust. As 
distance is traversed away from the location of current in- 
jection, however, there will be fewer carriers available to 
cause a latch-up condition. Thus, the latch-up protection 
strategy remote from the injection source need not be as 
robust as it need be nearer the injection source, yet main- 
taining latch-up robustness for a given injection of cur- 
rent. 

[0038] In terms of electrical variables, a latch-up condition can 
occur when the injected current, for example, current 
from a jEDEC78 test or an ESD or CDE event, that reaches 



the base of a first parasitic transistor (I ) is greater 

Inj-Base 

than or equal to the sum of the base current of that tran- 
sistor (I ) and the lateral current through the n-well re- 

BQl ^ 

sistance (I ); i.e., when I > (I I ). The magni- 
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tude of the current required to turn ON the first parasitic 
transistor is: I = V /R ; and the base current 

NW Diode Turn-on NW 

of the first parasitic transistor (1^^^) necessary to forward 
bias and turn ON a second parasitic transistor is: V 

Diode 

/(R *Beta), where Beta is a transistor parameter 

Turn-on NW 

representing the current gain of the first parasitic transis- 
tor, and R is the n-well resistance. 

NW 

[0039] From this model it is seen that a given IC can be made 
more latch-up robust, i.e., the potential for latch-up can 
be minimized, by maximizing the values of current I 

' ^ ^ BQl 

and 1^^ necessary to trigger latch-up. This forces latch-up 
to trigger only at higher values of injected current. And 
given the inverse relationship of current and resistance 
under Ohm"s Law, maximizing current requires minimiz- 
ing the internal resistance of a circuit structure, i.e., R 
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and R , where R is the p-well resistance. Thus, a latch- 
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up robust design entails making R and R as small as 
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possible. 

[0040] IC designers incorporate contacts (i.e., diffusion regions 



within a semiconductor structure or device; for example, 
p+ regions witiiin a p-well or p-type substrate, or n+ re- 
gions witliin an n-well or n-type substrate) into the circuit 
layout in order to maintain a low well resistance, bias the 
well appropriately for circuit functionality, and to collect 
stray current that is injected into the wells or substrate 
during aJEDEC78 test, an ESD or CDE event. Typically, the 
p-well or substrate contacts (p+ regions) are biased to 
ground potential, or Vss, and the n-well contacts (n+ re- 
gions) are biased at Vdd potential (supply voltage of the 
IC). The contacts are typically placed in the circuit layout 
via contact books, which comprise n-well, p-well or sub- 
strate contacts with appropriate connections. One exam- 
ple of a contact book is the NWSX contact book. The dis- 
tance between adjacent groups of contact books placed in 
a circuit layout is reflected in a value referred to herein as 
"periodicity." The smaller the periodicity, the lower the in- 
ternal resistance of the semiconductor structure, the bet- 
ter the protection against turning on parasitic junctions 
within the semiconductor structure that result in latch-up. 
[0041] Because the quantity and spacing of contacts are pro- 
vided, in part, to effectuate a given latch-up protection 
strategy, fewer contacts need be employed in areas of the 



IC remote from the injection site. Accordingly, various as- 
pects of the invention propose locating contacts to have 
varying periodicity to satisfy latch-up robustness at struc- 
tures that are at various distances from the location of 
current injection. Thus, contact periodicity may be 
greater, i.e. fewer contacts need be used, in areas of the 
IC remote from the injection source than nearer the injec- 
tion source, yet sustaining an appropriate level of latch- 
up robustness. The quantity of contacts can therefore be 
minimized to a quantity that is just necessary to suppress 
latch-up. By locating contacts to have a varying periodicity 
and minimizing the overall quantity of contacts within a 
latch-up robust design, a significant savings in process 
complexity and expense can be achieved, as well as free- 
ing valuable chip area that may then be used for design 
which otherwise would be reserved for contact placement. 
[0042] For the purposes of this disclosure, elements that inject 
current into the IC are referred to as "injectors." The loca- 
tion where an injector injects current is referred to as an 
"injection site." Injectors may be cables that discharge 
carriers into the IC upon contact, ESD diodes that inject 
carriers into the substrate via their diffusion regions, I/O 
pads that receive discharge from EOS/ESD events, etc. 



Thus, an injector represents any possible source, or com- 
bination of sources, of current to tlie IC, either internal 
current injector (on-chip injector) or external current in- 
jector (off-chip injector). Additionally, the implementation 
of a process conducted in accordance with an aspect of 
the present invention is described herein as being carried 
out on a computer. A computer, however, is not essential 
to perform the steps of the invention or to manufacture 
integrated circuits in accordance thereof. The novel steps 
may be performed manually without machine aid, or 
through a combination that employs a logical system with 
human input. If a computer is used, however, software 
employed to carry out the process may be implemented in 
hardware or firmware, or stored on one or more com- 
puter-readable media. The computer readable medium 
may comprise memory storage that is volatile or non- 
volatile, and may comprise one or more components. 
[0043] FIG. 5 illustrates a flow diagram of an embodiment of the 
invention presenting steps performed in designing and 
manufacturing an IC having contacts of varying periodic- 
ity. To begin, an IC design layout is obtained 501. The 
user of this inventive system may have created the design 
themselves or have received the design from another en- 



tity. The process comprising the steps performed in ac- 
cordance with FIG. 5 may be implemented in software and 
as such operable on any viable computing platform. Such 
a software implemented process may comprise a design 
tool, which may be a subpart of a larger computer aided 
design/computer aided manufacturing (CAD/CAM) pro- 
gram, or program unto itself. Further, a software imple- 
mented design may be object oriented wherein elements 
of the design are represented by software components, 
which in turn can be data structures. Such data structures 
could be objects in an object oriented environment. Fur- 
ther, such data structures could be embedded within the 
software implementation of the design. As used herein, 
data structure is to be broadly construed and includes 
such software constructs as data bases. Constituent ele- 
ments of the design include, for example, substrate, 
wells, and circuit structures of an integrated circuit. 
[0044] Step 502 may be employed to identify the location of in- 
jectors within the design. It is contemplated that a given 
design will have one or more injectors and a user may se- 
lect one or more of the available injectors to design 
against. The location of injectors may be provided by a 
user or they may be within a data structure or database 



configured to store the location of injectors. Alternatively, 
the injectors may form individualized data structures each 
associated with the design layout; a component of each 
individualized data structure being location. 
[0045] Another step 503 is to provide the magnitude of current 
injection for which the system is to be designed to protect 
against. The magnitude of current may be provided as 
part of a standardized test, or estimated based upon pos- 
sible conditions of installation, such as cable discharge. 
Magnitude of current may be revisited time and again by a 
user to repeatedly operate the system in order to arrive at 
an optimized design. This reiteration process may be au- 
tomated. 

[0046] Circuit structures comprise the internal circuitry of the IC 
and include, for example, field effect transistors (FETs), 
capacitors, resistors, and other such circuit elements. Cir- 
cuit structures within a design that are susceptible to 
latch-up are referred to herein as "latch-up structures." It 
is contemplated that a given design will have one or more 
latch-up structures and a user may select one or more 
latch-up structures to utilize in determining periodicity of 
contacts. The circuit structures have associated physical 
properties that impact on a given structure"s propensity 



to latch-up. Such physical properties include, among oth- 
ers: quantity, placement, doping, dimensions, and internal 
resistance of wells; quantity, placement, and internal re- 
sistance of contacts; and internal resistance of the struc- 
ture itself, which, in part, comprises contributions from 
the well and contact resistance. Step 504 locates circuit 
structures within the design that are susceptible to latch- 
up. Location information may be supplied by the user or 
provided by another entity, such as a third-party or via a 
data structure. The location of each latch-up structure 
may be obtained seriatim, i.e. one-by-one as part of a 
loop routine configured to operate upon data via a data 
structure on each iteration, which is suggested by the 
logic illustrated in the flow diagram. Alternatively, the lo- 
cation of each latch-up structure may be within a data 
structure or database configured to store the location of 
the latch-up structures. Alternatively, the latch-up struc- 
tures may form individualized data structures each asso- 
ciated with the design layout; a component of each indi- 
vidualized data structure being location. Combinations of 
any of the above location methodologies may also be em- 
ployed. 

[0047] Evaluation of the distance between each latch-up struc- 



ture and each injector is accomplished in step 505. As 
with step 504, this determination may be made seriatim, 
i.e. one-by-one (one latch-up structure, one injector) as 
part of a loop routine configured to operate upon data via 
a data structure on each iteration, which is suggested by 
the logic illustrated in the flow diagram. Additionally, the 
flow diagram is nested to provide a multidimensional col- 
lection of data points. Thus, if there are n injectors and m 
latch-up structures, then there will be n x m collected 
data sets. Alternatively, the distance between each latch- 
up structure and each injector may be within a data struc- 
ture or database configured to store this data. Alterna- 
tively, the distance between each latch-up structure and 
each injector may form individualized data structures each 
associated with the design layout; a component of each 
individualized data structure being distance. Combina- 
tions of any of the above distance determination method- 
ologies may also be employed. 
[0048] Another step 506 is to determine the magnitude of cur- 
rent at each latch-up structure. The current at each latch- 
up structure is, in part, a function of the magnitude of the 
current provided by the injector, and the distance between 
the structure and the injector. Thus, determining the 



magnitude of current at each latch-up structure may be 
made seriatim, i.e. one-by-one as part of a loop routine 
configured to operate upon data via a data structure on 
each iteration, which is suggested by the logic illustrated 
in the flow diagram. Additionally, when multiple injectors 
are to be provided for, injected current from each injector 
will contribute carriers to the overall magnitude of current 
at each latch-up structure, i.e. the contribution of current 
from each injector will superimpose upon the others. Al- 
ternatively, the magnitude of current at each latch-up 
structure may be held within a data structure or database 
configured to store this data. Alternatively, the magnitude 
of current at each latch-up structure may form individual- 
ized data structures each associated with the design lay- 
out; a component of each individualized data structure 
being current magnitude. Combinations of any of the 
above current magnitude determining methodologies may 
also be employed. 
[0049] Determining the magnitude of current that reaches a 

latch-up structure can also be made via electrical mea- 
surements on a test chip having certain structures, or cal- 
culated using commercial semiconductor simulators, such 
as, for example, the ISE-DESSIS. Alternatively, the current 



magnitude can be calculated by solving semiconductor 
transport equations. 

[0050] To determine the resistance of the latch-up structure it- 
self, step 507 may be employed. Information on latch-up 
structure resistance may be supplied by the user or pro- 
vided by reference to another entity or source, such as a 
design guide. As with step 504, determination of resis- 
tance may be made seriatim, i.e. one-by-one as part of a 
loop routine configured to operate upon data via a data 
structure on each iteration, which is suggested by the 
logic illustrated in the flow diagram. Alternatively, the de- 
termination of resistance may be held within a data struc- 
ture or database configured to store resistance values. Al- 
ternatively, the resistance values may form individualized 
data structures each associated with the design layout; a 
component of each individualized data structure being re- 
sistance. Combinations of any of the above resistance de- 
termining methodologies may also be employed. 

[0051] Determining the periodicity (L) of contact placement nec- 
essary to make a particular structure robust to latch-up is 
accomplished in step 508. Given the magnitude of current 
available at each latch-up structure determined in step 
506, and the resistance of the latch-up structure itself as 



obtained in step 507, tlie quantity of contacts and tlieir 
periodicity of placement is determined for a particular 
latch-up structure to be latch-up robust. Each latch-up 
structure will have its own associated periodicity (L) in or- 
der to achieve the ability to suppress latch-up. 

[0052] Steps 507 and 508 may be performed in conjunction with 
one another to determine both latch-up structure resis- 
tance and contact periodicity within the same analytical 
structure. Resistance of a latch-up structure may be ex- 
pressed in terms of contact periodicity and, likewise, the 
contact periodicity may be expressed in terms latch-up 
structure resistance. Thus, a closed-form evaluation of 
the analytical structure modeling the design is employed. 
For a given magnitude of injected current, a set of period- 
icity values can be determined as a function of distance to 
the injection site such that a certain periodicity is deter- 
mined for a given distance away from the injection site in 
order to avoid latch-up. 

[0053] Step 509 tests for the presence of additional latch-up 

structures. If there are additional latch-up structures, the 
process of determining periodicity can be performed for 
those structures as well. This step will be unnecessary if 
the location of all latch-up structures is provided for 



within a data structure since logical manipulation can be 
made upon the data structure. 
[0054] Step 510 tests for the presence of additional injectors. If 
there are additional injectors, the effect of their contribu- 
tion can be accounted for as well. This step will be unnec- 
essary if each injector is provided for within a data struc- 
ture since logical manipulation can be made upon the data 
structure. 

[0055] When the contact periodicity (L) necessary to make each 
latch-up structure robust to latch-up has been deter- 
mined, an aggregate contact layout will be made for the 
design 511. The aggregate contact layout will incorporate 
the contribution of periodicity (L) of each latch-up struc- 
ture. Because latch-up structures of differing periodicity 
may be in close proximity to one another, a designer may 
make elect to choose one periodicity over the other. For 
example, a designer may select the more conservative or 
worst case periodicity as between neighboring latch-up 
structures. Alternatively, a designer may elect to choose 
an intermediate contact periodicity based on experience. 

[0056] At the conclusion of step 511, the design of an IC having 
contacts of varying periodicity should be completed. 

[0057] It is contemplated that the steps taken in accordance with 



this disclosure will be performed in a sequence resem- 
bling that described, but this is not essential to arriving at 
an IC having contacts of varying periodicity because some 
steps may be performed before others, or some steps may 
be performed by different entities and thus omitted by the 
user. 

[0058] FIG. 6A illustrates a plan view of a portion of an integrated 
circuit 600 formed on substrate 590. IC 600 includes 
groups (or regions) of contacts 601 of varying periodicity 
in accordance with one embodiment of the invention. FIG. 
6A illustrates a portion of an integrated circuit 600 with 
contacts 601 arranged vertically. In the region of the IC 
near the injection site, shown here as I/O cell 602 and ESD 
diode 603, the periodicity of contacts 601 is smaller than 
the periodicity utilized as distance is traversed away from 
the injection site. IC areas 604 include structures that may 
be susceptible to latch-up; for example, internal circuits 
that include n-wells and p-wells. Current injected into the 
injection site will have the highest density at or near the 
injection site. Thus, in order to avoid causing latch-up 
within circuit structures 604, the quantity of contacts 
needed for circuit structures 604 near the injection site is 
greater than for circuit structures 604 remote from the in- 



jection site. Thus, periodicity L4 is greater tlian periodicity 
L3, wliich is greater than periodicity L2, which is greater 
than periodicity LI. Periodicity LI, being smallest, calls for 
a greater number of contacts than periodicities L2-L4. In 
one embodiment, each of contacts 601 represents multi- 
ple NWSX contact books where L1-L4 are defined as the 
distance between adjacent contacts 601. 

[0059] It should be noted that although periodicity L4 has been 
described as being greater than periodicity L3, which has 
been described as being greater than periodicity L2, which 
has been described as being greater than periodicity LI, 
any combination of contact periodicity is contemplated as 
being varying. For instance, periodicity LI could equal pe- 
riodicity L3, with periodicity L2 as being less than period- 
icity LI or L3, and periodicity L4 as being greater than pe- 
riodicity LI or L3. Such a configuration could arise when a 
circuit structure remote from the injector is more suscep- 
tible to latch-up than a circuit structure closer to the in- 
jector. Thus, varying periodicity, or distance, is any peri- 
odicity other than a fixed periodicity. 

[0060] FIG. 6B illustrates a diagrammatical cross-section of a 
portion of an integrated circuit having contacts 651 of 
varying periodicity in accordance with an embodiment of 



the present invention. In FIG. 6B, the injector is repre- 
sented by ESD diode 652, which will forward-bias and in- 
ject carriers into the p- substrate 650 when an over- 
stress voltage is applied to I/O pad 653. The injector in- 
jects current into the integrated circuit at an injection site. 
Current at or near the injection site will have the highest 
density so contacts 651 near the ESD diode 652 will have 
the smallest periodicity, identified here as LI. Thus, peri- 
odicity L4 is greater than periodicity L3, which is greater 
than periodicity L2, which is greater than periodicity LI. 

[0061] FIG. 6B illustrates well 655 having contacts 651 connected 
to pad 656. When well 655 is an n-well, contacts 651 
comprise n+ regions coupled to Vdd through pad 656; 
when well 655 is a p-well, contacts 651 comprise p+ re- 
gions coupled to ground, or Vss, through pad 656. The 
regions 654 between contacts 651 include structures that 
may be susceptible to latch-up. Although an IC may uti- 
lize only n-well structures (or, alternatively, p-well struc- 
tures), the majority of ICs will typically have both n-well 
and p-well structures within a given design. 

[0062] FIGs. 7A and 7B illustrate in plan view portions of inte- 
grated circuits having contacts of varying periodicity in 
accordance with alternate embodiments of this disclosure. 



FIG. 7A illustrates a portion of an integrated circuit 700 
with contacts 701 arranged horizontally. In FIG. 7A, the 
injection site is I/O cell 702 so contact periodicity is 
smallest near this region. Thus, L3 is greater than L2, 
which is greater than LI. IC areas 704 include structures 
that may be susceptible to latch-up; for example, internal 
circuits that include n-wells and p-wells. 

[0063] FIG. 7B illustrates a portion of an integrated circuit 750 
with contacts 751 arranged concentrically. I/O cell 752 is 
the injector so nearby contacts 751 have a tighter period- 
icity. As distance is gained away from I/O cell 752, contact 
751 periodicity increases. Thus, L3 is greater than L2, 
which is greater than LI. IC areas 754 include structures 
that may be susceptible to latch-up; for example, internal 
circuits that include n-wells and p-wells. 

[0064] Integrated circuits described herein may be formed using 
any suitable material employed in fabricating semicon- 
ductor ICs. Such material includes, for example, silicon, 
germanium, silicon germanium, gallium arsenide, indium 
phosphide, as well as thick- and thin-film hybrid ICs, and 
n-wells and p-wells comprising circuit structures doped 
accordingly. Further, although integrated circuit embodi- 
ments disclosed herein have been described as having 



contacts arranged vertically, horizontally or concentrically, 
the invention is not limited to such configurations and is 
applicable to any contact arrangement. Numerous charac- 
teristics and advantages have been set forth in the fore- 
going description, together with details of structure and 
function. The novel features are pointed out in the ap- 
pended claims. This disclosure, however, is illustrative 
only and changes may be made in detail within the princi- 
ple of the invention to the full extent indicated by the 
broad general meaning of the terms in which the ap- 
pended claims are expressed. 



